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I. The Role ofApoptosis and Intraepithelial Macrophages
in Acinar Cell Deletion

N. I. WALKER

After ligation of the rat pancreas, acinar cells disap-
peared from the distal gland within 5 days. Necrosis
was responsible for minor cell loss during the first 24
hours, but most of the acinar cells were deleted by
apoptosis. This distinctive form of cell death, which
has been implicated in atrophy of other tissues, was
characterized by cellular condensation followed by
surface budding to produce membrane-bounded apo-
ptotic bodies. Most ofthese were ingested and degraded
by mononuclear phagocytes resident within the epithe-

IN THE ATROPHY of the mammalian pancreas
that follows duct obstruction, islet tissue is preserved,
but acinar cells progressively disappear, and the exo-
crine glandular lobules are reduced to groups ofsmall
ductules within a fibrous stroma.'14 In man, such
changes occur after duct occlusion by gallstones or
carcinoma and in chronic calcific pancreatitis and
cystic fibrosis.5 Ultrastructural studies designed to
elucidate the cellular mechanisms involved in the
evolution of these lesions in experimental animals
have stressed the role of autophagy in removing
acinar cell organelles and in reducing the size ofthese
cells,2'4 and it has been suggested that many ofthe cells
lining the ductules seen in the advanced stages ofatro-
phy are dedifferentiated acinar cells.2'6'7 Little atten-
tion has been paid to the possibility that deletion of
acinar cells is involved in the evolution of atrophy;
where its significance has been appreciated, it has
been considered to be a result of necrosis8'9 or of a
combination of lytic cell death4"0 and wasting cell
death consequent on extreme autophagy.4

Previous light-microscopic studies in this labora-
tory have shown that extensive acinar cell death and
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lium and a few by adjoining acinar cells. As atrophy
progressed, the phagocytes increased in number
through division and immigration of monocytes. The
apoptotic deletion ofacinar cells was characteristically
effected without basement membrane disruption and
was accompanied by simultaneous duct cell prolifera-
tion. The consequent rapid glandular remodeling re-
sulted in reduction ofthe lobules to clusters ofductules
in a collagenous stroma. (Am J Pathol 1987, 126:439 -
451)

duct cell proliferation are both involved in the genesis
of the lesion described above.3 In the present study
ultrastructural observations were recorded that iden-
tify the mode of cell death as apoptosis," -14 which is
basically different from necrosis and which has been
shown to be implicated in cell population kinetics in a
variety of tissues. Most of the remnants of the dying
cells were disposed ofby macrophages normally resi-
dent within the epithelium; these cells have pre-
viously received little attention.

Materials and Methods
Randomly bred male Sprague - Dawley rats weigh-

ing between 200 and 300 g were used. They were fed a
pellet diet containing 22% protein, 4-6% fat, and
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mineral and vitamin supplements. Control animals
were not subjected to any experimental procedure.
Experimental animals were anesthetized with pento-
barbitone sodium given intraperitoneally, and partial
ligation of the pancreas was performed through a left
paramedian incision.15 The lienal pancreas was freed
from colonic mesentery, two silk ligatures (Ethicon
K83 1, Ethnor Pty Ltd, Sydney, Australia) tied about
the pancreas at the level ofthe superior dorsal pole of
the spleen, and the parenchyma between the ligatures
divided. The splenic vessels supplying the distal pan-
creas remained as a bridge between duodenal and
lienal pancreas. Care was taken to avoid trauma to
blood vessels and pancreas and to prevent drying of
pancreatic tissue. The abdomen was then closed, the
whole procedure taking approximately 10 minutes.
More than 40% ofpancreas by weight lay distal to the
ligature'6; it underwent regular and reproducible atro-
phy. Animals regained their preoperative weight
within 2- 3 days. Pancreatic tissue from two experi-
mental animals was studied at each of the following
intervals after operation: 1, 2, 3, 6, 12, 24, 36, 48, 60,
72, and 84 hours; 4,5,6, and 7 days; 2,3,4,8, 12,24,
and 52 weeks.
To obtain tissue for histologic study and electron

microscopy, animals were anesthetized and the pan-
creas perfused in sequence with 1) heparinized saline
2) 1% paraformaldehyde and 1.25% glutaraldehyde in
cacodylate buffer, and 3) 4% paraformaldehyde and
5% glutaraldehyde in cacodylate buffer'7 via a cath-
eter inserted retrogradely into the distal abdominal
aorta. Pancreas proximal and distal to the ligature and
from corresponding areas in control animals was re-

moved. For light microscopy, 5-,u paraffin sections
were prepared and stained with hematoxylin and
eosin. For electron microscopy, tissue was diced and
immersed in perfusate (3). The diced tissue was
washed and then stored in cacodylate buffer. After
postfixing in 1% osmium tetroxide for 1 hour, tissue
was washed in distilled water, stained en bloc in 5%
aqueous uranyl acetate, dehydrated through a series
of graded alcohols, cleared in propylene oxide, and
embedded in an Epon/Araldite mixture. Sections l,u
in thickness were cut on an LKB Ultratome V and
stained with toluidine blue for use in selecting areas
for detailed study. Ultrathin sections were picked up
on uncoated copper grids, stained with lead citrate for
1-2 minutes, and examined in Hitachi H300 and
JEOL SIOO electron microscopes.

Results

Normal Pancreas

Electron Microscopy

The ultrastructural appearance of the normal rat
pancreas was, on the whole, in accord with previous
descriptions.'8 20 However, several additional fea-
tures were noted. First, occasional acinar cells show-
ing the changes ofcell death by apoptosis were found.
Their appearance was similar to that observed in cells
affected by this process in the duct-obstructed pan-
creas, and will be described in detail later. Second,
cells with the characteristics of unstimulated mono-
nuclear phagocytes were seen within the epithelial
lining of acini. These cells exhibited marked phago-
cytic activity after ligation, playing a major part in
removing cells undergoing apoptosis. They were ba-
sally situated between adjacent acinar cells (Figure 1)
or between acinar and duct cells. Their nuclei were
only infrequently included in the plane ofsection, and
they often appeared as areas of membrane-bounded
electron-lucent cytoplasm against the basement
membrane. No more than one was seen per acinus.
Similar cells were occasionally identified in the epi-
thelium of intercalated and larger ducts. They were
considerably outnumbered by interstitial mononu-

clear phagocytes in most sections.
The ultrastructure of the intraepithelial mononu-

clear phagocytes varied considerably. Smaller cells
had rounded or slightly indented nuclei with abun-
dant heterochromatin; showed small amounts of
electron-lucent cytoplasm containing sparse mito-
chondria, strands of endoplasmic reticulum, and ly-
sosomes; and bore short surface filopodia. Larger cells
had large nuclei with broad indentations and less
abundant heterochromatin marginated against the
nuclear membrane, and showed copious electron-lu-
cent cytoplasm containing a few small mitochondria,
often multiple Golgi complexes, short strands of
rough and smooth endoplasmic reticulum, residual
bodies, pinocytotic vesicles, and lysosomes (Figure 1).
The mononuclear phagocytes lackedjunctional com-
plexes with adjacent epithelial cells and had cell pro-
cesses extending into the spaces between them; these
spaces varied in width and often contained myelin
figures. The cell processes were not seen passing
through the basement membrane in normal animals.

Figure 1- lntraepithelial mononuclear phagocyte between acinar cells in normal pancreas. Note its basal position, electron-lucent cytoplasm, and absence of
cell junctions. An intercalated duct lies nearby. (Xl 1,700) Figure 2-Autophagic vacuole in an acinar cell in the distal pancreas 24 hours after ligation.
(X22,000) Figure 3-Residual bodies in an acinar cell in the distal pancreas 24 hours after ligation. (X29,000) Figure 4-Necrosis of an acinar cell in
the distal pancreas 1 hour after ligation. (Xl 2,200)
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Pancreas After Ligation

Early Changes, Evidence ofInjury, Necrosis

Light Microscopy

In the interstitium ofthe distal pancreas, increasing
edema and infiltration by neutrophil leukocytes and
mononuclear phagocytes occurred from 1 hour after
ligation. Acinar lumens dilated and filled with secre-

tion, and acinar cells partly degranulated; these
changes progressed over the following 3 days. Cyto-
plasmic vacuolation of acinar and centroacinar cells
of varying severity was seen in a patchy distribution
during the first 24 hours, but later regressed. Occa-
sional more severely vacuolated acinar cells with ir-
regular clumping ofnuclear chromatin and increased
eosinophilia of their cytoplasm characteristic of ne-

crosis were observed during the first 24 hours but not
at later times.

Electron Microscopy

Within 2 - 3 hours ofligation, many zymogen gran-

ules in the adluminal cytoplasm of acinar cells were
discharged into the acinar lumens. By 24 hours, the
granules were conspicuously decreased in number
and varied greatly in size; few remained by 72 hours.
Acinar cell surface microvilli decreased in number
over 72 hours, and myelin figures were found in in-
creased numbers in acinar lumens from 2 hours.
Acini and ducts became progressively dilated. Be-
tween 12 and 24 hours, secretion leaked from the
lumens into the intercellular and interstitial spaces.

Autophagic vacuoles in acinar cells were increased
within 2 hours and reached largest numbers at 24
hours, after which the number rapidly declined. They
were found in most acinar cells, occurring predomi-
nantly in their apical half. In the first few hours, they
contained structurally intact or partially degraded zy-
mogen granules, rough endoplasmic reticulum
(RER) (Figure 2), and mitochondria. By 24 hours,
many contained only amorphous and granular elec-
tron-dense material and myelin figures (Figure 3).

Within 2 hours of ligation, small groups of acinar
cells in an irregular distribution showed mild to mod-
erate dilatation of RER. Occasional more severely
affected cells had markedly dilated RER containing
myelin figures, and abundant autophagic vacuoles.
These severe changes were associated with widely di-
lated intercellular spaces; the development of large,
round intracellular vacuoles extending from the nu-

cleus to the lumen and indenting the nucleus; and the
presence ofneutrophils and mononuclear phagocytes
between the epithelial cells.

Necrosis of acinar cells was rare, occurring only in
the vicinity of cells showing other evidence of severe

injury and only in the first 24 hours after ligation.
Necrotic cells showed severe swelling, granular and
amorphous densities in mitochondria, and rupture of
mitochondrial and cell membranes (Figure 4). Be-
cause the number of necrotic acinar cells was small
and because they were found at a time when a de-
crease in acinar cell numbers was not detectable by
light microscopy, it is most unlikely that necrosis con-
tributed significantly to acinar cell loss after ligation.

Acinar Cell Deletion by Apoptosis

Light Microscopy

Twenty-four hours after ligation, the lobular archi-
tecture was little altered, and a decrease in acinar cell
numbers was barely detectable. By 5 days, however,
no recognizable acinar cells remained. In the in-
terim, abundant evidence of acinar cell death by
apoptosis" 1- 4 was seen by light microscopy. This in-
cluded sharply marginated, often crescentic clumping
of chromatin against the nuclear membrane; cell
shrinkage; and cell and nuclear fragmentation form-
ing rounded basophilic or eosinophilic cytoplasmic
globules (apoptotic bodies)"'1-4 in which specks of
pyknotic chromatin were frequently present. The
apoptotic bodies lay within the epithelium or, rarely,
appeared in duct lumens. Acinar cell death by apo-
ptosis increased from 24 hours, reached a peak at 3
days, and fell to low but still increased levels by 5 days.
Usually only one cell per acinus showed these changes
at any one time, but occasionally two or three acinar
cells were involved simultaneously. Apoptosis of
other cell types was not recognized during this period.
The most rapid reduction in acinar cell numbers, esti-
mated by semiquantitative analysis of sections, coin-
cided with the peak incidence of apoptosis at 3 days.

Electron Microscopy

Between 1 and 5 days after ligation, dying acinar
cells showed ultrastructural changes ofapoptosis. l-14
The apoptotic and adjacent cells sometimes con-

tained autophagic vacuoles, but large numbers of
such vacuoles and dilatation ofergastoplasm were not

seen at this stage.

Figure 5-Condensation of chromatin and convolution of the membrane of an acinar cell nucleus, changes indicative of early apoptosis, in the distal pancreas
60 hours after ligation. Autophagolysosomes are seen in adjacent acinar cell cytoplasm. (Xl 3,500) Figure 6-Apoptosis of an acinar cell in the distal
pancreas 24 hours after ligation. It contains multiple nuclear fragments with marginated condensed chromatin and RER arranged in whorls. The cellular outline is
convoluted and the intercellular space enlarged. (Xl 3,500)
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Nuclei in some of the cells undergoing apoptosis
showed condensation of chromatin against the nu-
clear membrane, the presence of rounded clumps of
electron-dense granules, and convolution of the nu-

clear outline; there was a sharp line of demarcation
between the condensed chromatin and the electron-
lucent nuclear interior (Figure 5). In other cells, the
nucleus had budded to form several, usually mem-
brane-bounded nuclear fragments retaining the char-
acteristic segregation ofcondensed chromatin (Figure
6). These nuclear changes were accompanied by con-

densation of cytoplasm and convolution of the cell
surface (Figure 6), the latter being associated with
disruption ofjunctional complexes with adjacent epi-
thelial cells and creation of a space between the af-
fected and adjacent cells (Figure 6). A conspicuous
feature of early apoptosis in the acinar cells was rear-

rangement of the RER into a series of whorls (Figure
6). At this stage, occasional apoptotic cells took on an

amoeboid appearance with pseudopodlike processes
extending between adjacent acinar cells. The con-

densing cells eventually budded to form membrane-
bounded apoptotic bodies, the cell cleavage often oc-

curring between areas of concentrically arranged
RER (Figure 7).
The apoptotic bodies contained closely packed but

structurally intact RER and organelles, and some

contained one or more nuclear fragments with char-
acteristic nuclear chromatin segregation (Figures 7
and 8). Although a few apoptotic bodies lay between
epithelial cells and the basement membrane, most
had been phagocytosed by adjacent cells. They were

rarely seen in acinar or duct lumens. In the first 24
hours, but not at later times, occasional larger bodies
that had not been phagocytosed showed dilatation of
the RER and the nuclear envelope and swelling of
mitochondria. Degenerative change manifest as rup-

ture of internal or external membranes was not seen

prior to phagocytosis of apoptotic bodies.
A small proportion ofapoptotic bodies appeared to

be ingested by acinar cells (Figure 9) and even more

rarely by duct epithelial cells. The majority, however,
were ingested by intraepithelial mononuclear phago-
cytes (Figures 10- 12). Apoptotic bodies within these
cells could often be identified as being of acinar cell
origin by their content ofzymogen granules or abun-

dant RER (Figures 10 and 12). Apoptotic bodies
without nuclear material that had been phagocytosed
by acinar cells could not be distinguished from auto-
phagic vacuoles with certainty. Within the phagoly-
sosomes ofacinar cells and macrophages, progressive
enzymatic degradation of the chromatin and organ-
elles of the apoptotic bodies took place. Chromatin
increased in density, the sharp demarcation between
electron-dense and electron-lucent areas of the apo-
ptotic nuclear fragments was lost, ribosomes became
swollen and coarse, and membranes became indis-
tinct (Figures 11 and 12). Multiple phagocytosed
apoptotic bodies were commonly found in intraepi-
thelial mononuclear phagocytes 60-72 hours after
ligation (Figure 12), a period that corresponded with
maximum acinar cell deletion. By 72 hours, many
intraepithelial mononuclear phagocytes contained
large residual bodies filled with granular and amor-

phous electron-dense material, lipid droplets, and
myelin figures. Similar cells laden with residual
bodies were not found in normal animals.

Evidence of acinar cell death by apoptosis was also
rarely seen in control animals (Figure 13) and in the
ligated pancreas within 24 hours of operation. In the
normal pancreas, and in the ligated pancreas exam-

ined more than 24 hours after operation, apoptosis
was the only form of acinar cell death detected. In all
cases, early stages of apoptosis were found less fre-
quently than the late degradative stages that occur

after apoptotic bodies have been phagocytosed; this is
a manifestation of the speed with which the early
stages of apoptosis are effected. 12

Changes in Intraepithelial Mononuclear Phagocytes

Light Microscopy

These cells were quite prominent during the phase
of rapid apoptotic deletion ofacinar epithelium; they
could be recognized by their pale indented or folded
nuclei and their abundant pale cytoplasm that con-

tained phagocytosed apoptotic bodies. At other times,
they were very inconspicuous; they could be detected
in toluidine blue-stained -,u Epon sections but not in
paraffin sections, where overlap of adjacent, more

heavily stained cells prevented their visualization.

Figure 7-Cluster of apoptotic bodies in the distal pancreas 60 hours after ligation. They are surrounded by the cytoplasm of an intraepithelial mononuclear
phagocyte. Note characteristic nuclear changes, condensed cytoplasm, and whorled RER. (X7300) Figure 8-Apoptotic body lying in the intercellular
space in the distal pancreas 24 hours after ligation. It contains a large nuclear fragment with sharply segregated dense and lucent areas and tightly packed intact
organelles and zymogen granules. (X9700) Figure 9-Probable apoptotic body containing two nuclear fragments (N) within a phagolysosome of an acinar
cell. It shows evidence of early degradation. That the appearances might represent changes of apoptosis developing in the sequestered second nucleus of a
binucleate acinar cell is a less likely alternative. Distal pancreas 24 hours after ligation. (X24,100) Figure 10-Engulfment of an apoptotic body by the
cellular processes (arrows) of an intraepithelial mononuclear phagocyte in the distal pancreas 24 hours after ligation. The apoptotic body, which contains 3
nuclear fragments (N), can be identified as acinar cell in origin by its content of RER and zymogen granules. (X1I0,200)
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Electron Microscopy

After ligation, intraepithelial mononuclear phago-
cytes in the distal pancreas showed progressive
changes reflecting activation. Within 6 hours, they
were larger and therefore were included more fre-
quently in ultrathin sections, and some showed pha-
gocytotic activity. By 24 hours, they were larger still,
their nuclei had less heterochromatin, and their cyto-
plasm contained greatly increased smooth endoplas-
mic reticulum, RER, Golgi complexes, mitochon-
dria, glycogen, and lysosomes (Figure 14). Broad
indentations ofthe nucleus on the side ofthe cell with
most cytoplasm were frequent. Surface filopodia and
pseudopodia were common, and phagocytic activity
was greatly enhanced in many ofthe cells. On Days 2
and 3, the phagocytes showed even further increase in
size, and their nuclei became larger and more

rounded and had little heterochromatin and large nu-
cleoli; phagosomes and residual bodies were com-

mon. The phagocytes now superficially resembled
epithelial cells (Figure 1 1), but many contained large
residual bodies. From 84 hours, such residual body-
laden cells progressively decreased in number in the
epithelium and began to appear in the interstitium.
Moreover, their processes were sometimes observed
extending through the basement membrane. In the
interstitium, they shrank in size during the next few
weeks, their nuclear heterochromatin increased, the
number of organelles decreased, the residual bodies
became smaller, and myelin figures were extruded
into the extracellular space. After several months, the
phagocytes were seen to be packed with amorphous
material of varying electron density, lipid, and con-

centrically whorled membranous material (Figure
15). Over many months, their numbers decreased fur-
ther, and they came to lie, along with increased num-
bers of mast cells, about large vessels and ducts. They
could be detected by light microscopy by their lipofu-
scin content.

In addition to increasing in size, the intraepithelial
mononuclear phagocytes also increased in number in
the obstructed pancreas between 2 and 4 days after
ligation, and groups of two to three were seen within
the remaining epithelium of acini at this time. Some
were observed undergoing mitosis between 2 and 14
days (Figure 16). In addition, cells with the morpho-
logic characteristics of lymphocytes and monocytes
were found in increased numbers in the pancreatic
epithelium in the first days after duct ligation and in

smaller numbers for some months. In the first 24
hours, neutrophils were found adjacent to the base-
ment membrane within the epithelium, most often in
areas of acinar cell necrosis. A single neutrophil was

seen adjacent to an apoptotic body, the neutrophil
being separated from the apoptotic body by the pro-

cesses ofan intraepithelial macrophage. No phagocy-
tosis of apoptotic bodies by neutrophils was detected.

Duct Cell Proliferation and Diferentiation
In the distal pancreas after ligation, centroacinar

cells and cells of the intercalated ducts increased in
size; occasional cells of these types were seen under-
going mitosis on Day 2, and large numbers on Days 3
and 4. The duct cell proliferation led to partial re-

placement of acinar cells by duct epithelial cells and,
by 5 days, when most acinar cells had been deleted, to
the formation of the characteristic lesion of lobular
atrophy described in the introduction. Over a period
of weeks and months, occasional duct epithelial cells
were observed to undergo mitosis. Moreover, small
numbers of duct cells, some showing partial acinar
cell differentiation, continued to be deleted by apo-
ptosis.

Discussion

Acinar cells, which constitute 82% by volume ofthe
mammalian pancreas,2' disappeared from the distal
part of the organ between 1 and 5 days after ligation.
During this period, apoptosis was the only form of
acinar cell death detected by light and electron mi-
croscopy, and the peak incidence of apoptosis at 3
days corresponded with the time ofmost rapid reduc-
tion in acinar cell numbers. Acinar cell death occur-

ring spontaneously in the normal pancreas also took
the form of apoptosis.

Apoptosis has been identified as the form of cell
death responsible for normal involution and patho-
logic atrophy oftissues occurring under several differ-
ent circumstances.' '-4 For example, it accounts for
cell deletion during normal embryogenesis and meta-
morphosis, and it is involved in the shrinkage ofadult
endocrine-dependent tissues that follows withdrawal
of trophic hormones. It is the mode of cell death in
atrophy produced by mild ischemia, and it contrib-
utes to cell loss in neoplasms induced by radiation and
cytotoxic drugs. The distinctive sequence of morpho-
logic events in apoptosis comprises compaction and

Figure 11-Activated intraepithelial mononuclear phagocyte in the distal pancreas 72 hours after ligation. Note the enlarged nucleus, decreased heterochro-
matin, and abundant cytoplasm. A phagocytosed apoptotic body shows partly degraded nuclear fragments and RER. (Xl 4,300) Figure 12-Intraepithelial
mononuclear phagocyte in the distal pancreas 60 hours after ligation. Phagocytosed apoptotic bodies show different degrees of enzymatic degradation.
(X7800)
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margination of chromatin against the nuclear mem-
brane, condensation of cytoplasm with crowding of
well-preserved organelles, cell budding to form mem-
brane-bounded apoptotic bodies, and phagocytosis of
the bodies by both epithelial cells and mononuclear
phagocytes."'1-4 These features were all observed in
the pancreatic exocrine tissue after duct obstruction.
In addition, acinar cells dying by apoptosis showed
rearrangement ofRER into a series ofcircumscribed
whorls prior to cell fragmentation, which appeared to
occur between areas of segregated RER. The abun-
dant RER present in acinar cells may allow visualiza-
tion of cytoplasmic reorganization, which presum-
ably always accompanies the cellular budding in
apoptosis.
The morphologic features of apoptosis are quite

distinct from those ofnecrosis,22'23 which is character-
ized by severe swelling of mitochondria, the appear-
ance of flocculent and granular densities in their
matrix, and rupture of organelle and plasma
membranes.24 The two processes also differ biochem-
ically. In apoptosis, there is selective cleavage of nu-

clear DNA at the linker regions between
nucleosomes,25-28 whereas this is not observed in ne-

crosis.28 Necrosis was seen in a few acinar cells in the
first 24 hours after ligation. It may result from local
trauma during the operative procedure or leakage of
enzymes.

Despite rapid atrophy of the ligated pancreas, the
cell death remained relatively inconspicuous. This is a
consequence of the asynchrony of onset of apoptosis
in different cells, the small size of many apoptotic
bodies, and the rapidity with which they are

removed."1 14 The morphologically distinctive early
stages of apoptosis progress rapidly and are relatively
infrequently seen during ultrastructural studies,
whereas the enzymatic degradation of phagocytosed
apoptotic bodies takes much longer, leading to a rela-
tive abundance ofphagolysosomes in tissues in which
cell death by apoptosis is occurring. '1'4 Although
most ofthe apoptotic bodies were disposed ofby mac-
rophages, some appeared to be taken up by epithelial
cells. However, differentiation of phagocytosed apo-
ptotic bodies from autophagic vacuoles in acinar cells
was difficult. Small vacuoles containing RER, mito-
chondria, and zymogen granules, present in large
numbers in each acinar cell during the first 24 hours
after ligation, were probably autophagic in nature.
Phagosomes in acinar cells at later times were mostly

larger in size and sometimes contained nuclear frag-
ments with the characteristic chromatin pattern of
apoptosis, suggesting they were phagocytosed apo-

ptotic bodies. Although ingestion ofapoptotic bodies
by epithelial cells has been established in a number of
tissues,'1114 pancreatic acinar cells are often binu-
cleate,'8 and it is possible that nuclear fragments in
acinar cell phagolysosomes might derive from one of
the cell's own nuclei.
The initiating stimulus for the pancreatic acinar

cell apoptosis induced by duct ligation is unknown.
The time course was similar to that in involution of
the rat adrenal29 and ventral prostate30 after reduction
in circulating trophic hormone levels. In the pancreas,
regression of diet-induced hyperplasia, which is ef-
fected by apoptosis,3' is believed to be due to a fall in
plasma cholecystokinin. After duct obstruction, how-
ever, plasma cholecystokinin levels are increased.32
Moreover, the acinar cell loss is not generalized, im-
plicating factors in the obstructed portion of the
gland. Acutely decreased perfusion of the obstructed
rat pancreas attributed to compression of blood ves-

sels by edema fluid has been demonstrated.33 De-
creased supply of nutrients to cell cultures34 and mild
ischemia of the liver35 enhance cell loss by apoptosis.
The role of ischemia in causing the apoptosis in the
obstructed pancreas requires further investigation.
Mononuclear phagocytes were identified within

the epithelium of the control rat pancreas. They var-
ied morphologically from small cells resembling lym-
phocytes to larger macrophages with indented nuclei
and abundant cytoplasm containing prominent Golgi
complexes and occasional residual bodies. Despite
their varied morphologic features, they all behaved as
macrophages in the obstructed pancreas. Similar in-
traepithelial mononuclear phagocytes have been de-
scribed in the ventral rat prostate,30'36 the human and
rat mammary gland,37'38 and the human and hamster
endometrium.39 In most ofthese situations, phago-
cytosis of apoptotic bodies derived from epithelial
cells has drawn attention to their presence.30,37,39,40
The intraepithelial mononuclear phagocytes in the

pancreas became activated41 after duct ligation. They
grew in size, developed increased numbers of organ-
elles, and showed enhanced phagocytic activity. By 72
hours, many closely resembled adjacent epithelial
cells in their size and nuclear morphologic features.
Nevertheless, they could be distinguished from the
latter by their basal location and their lack of special-

Figure 13- Membrane-bounded apoptotic body of acinar cell origin in normal pancreas. The ultrastructural appearances are essentially identical to those
observed in the obstructed pancreas. (X15,800) Figure 14- Enlarged intraepithelial mononuclear phagocyte in the distal pancreas 24 hours after ligation.
(X10,250) Figure 15-Residual body laden mononuclear phagocyte in interstitium of the distal pancreas 6 months after ligation. (X14,300) Figure
16-Intraepithelial mononuclear phagocyte in mitosis in the distal pancreas 14 days after ligation. It contains degraded phagocytosed cellular material. (X71 00)
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ized junctions. From 24 hours, phagosomes contain-
ing organelles foreign to the macrophage and identifi-
able as of acinar cell origin were found within them;
and during the period of maximum acinar cell loss
(60- 72 hours), the macrophages often contained sev-
eral ingested apoptotic bodies that showed evidence
ofenzymatic degradation of varying degree. Apopto-
tic bodies were clearly preferentially phagocytosed
and digested by the intraepithelial macrophages.
They probably also play a role in the phagocytosis of
dying acinar cells in the normal pancreas.
The number of intraepithelial macrophages in-

creased during the phase of rapid involution of the
ligated pancreas, a result ofboth mitotic division and
migration of blood monocytes into the epithelium.
Similar increases in intraepithelial macrophages have
been recorded in involuting rat breast42 and pros-
tate,36 and migration of mononuclear phagocytes
through the epithelial basement membrane has also
been described and illustrated during atrophy of
human and hamster endometrium.39 Moreover, in-
traepithelial macrophages in human breast have been
shown to bear cell membrane markers ofmarrow-de-
rived cells.43 The later appearance of residual body-
laden macrophages in the interstitium of the ligated
pancreas as their numbers within the epithelium de-
creased indicated that they moved out of the acinar
walls.

Previous studies showing duct cell proliferation
after pancreatic ligationl344 were confirmed. It is
concluded that orderly remodeling ofpancreatic exo-
crine tissue during atrophy is effected by rapid dele-
tion of acinar cells by apoptosis and simultaneous
proliferation of centroacinar and intercalated duct
epithelial cells. As in other examples oftissue shrink-
age mediated by apoptosis, the cell deletion occurs
without disruption of the basement membrane.'I

14,29,30,35,45 In the longer term, the duct cell prolifera-
tion continued at a reduced rate, and some ofthe duct
cells continually developed ultrastructural features
indicating acinar cell differentiation; as they differen-
tiated, they died by apoptosis. This latter sequence
will be reported in detail elsewhere.
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